We report on the function of the human ortholog of Saccharomyces cerevisiae Rif1 (Rap1-interacting factor 1). Yeast Rif1 associates with telomeres and regulates their length. In contrast, human Rif1 did not accumulate at functional telomeres, but localized to dysfunctional telomeres and to telomeric DNA clusters in ALT cells, a pattern of telomere association typical of DNA-damage-response factors. After induction of double-strand breaks (DSBs), Rif1 formed foci that colocalized with other DNA-damage-response factors. This response was strictly dependent on ATM (ataxia telangiectasia mutated) and 53BP1, but not affected by diminished function of ATR (ATM-and Rad3-related kinase), BRCA1, Chk2, Nbs1, and Mre11. Rif1 inhibition resulted in radiosensitivity and a defect in the intra-S-phase checkpoint. The S-phase checkpoint phenotype was independent of Nbs1 status, arguing that Rif1 and Nbs1 act in different pathways to inhibit DNA replication after DNA damage. These data reveal that human Rif1 contributes to the ATM-mediated protection against DNA damage and point to a remarkable difference in the primary function of this protein in yeast and mammals.
The ability of mammalian cells to survive chromosomal damage depends on the coordinated activity of DNAresponse pathways that halt cell cycle progression prior to DNA replication or mitosis. The ataxia telangiectasia mutated (ATM) kinase plays a crucial function as a transducer of the DNA-damage signal (for review, see Kastan and Lim 2000; Zhou and Elledge 2000; Abraham 2001; Shiloh 2003) . Following the generation of doublestrand breaks (DSBs) by IR or clastogens, inactive ATM kinase dimers are converted into active monomers through autophosphorylation on Ser 1981 (Bakkenist and Kastan 2003) . ATM has a number of direct targets, including Nbs1, Chk2, Mdm2, 53BP1, BRCA1, Rad17, Smc1, FANCD2, and H2AX (for review, see Kastan and Lim 2000; D'Andrea and Grompe 2003; Shiloh 2003) . Many ATM targets and other proteins involved in the DNA-damage response physically accumulate at or near DNA lesions forming ionizing radiation-induced foci (IRIF; Haaf et al. 1995 ; for review, see Petrini and Stracker 2003) .
The ATM-and Rad3-related kinase, ATR, responds to replication stress and UV damage as well as to DSBs (for review, see Abraham 2001) . ATR requires an interacting partner, ATRIP, and the loading of RPA on singlestranded DNA for its activation (Cortez et al. 2001; Zou and Elledge 2003) . There is considerable redundancy in the ATM and ATR-signaling pathways, in part because many of the effectors in these pathways can be phosphorylated by both kinases.
A hallmark of A-T cells is their diminished ability to survive ionizing radiation (IR) or other genotoxic treatments that create DSBs (Taylor et al. 1975 ; for review, see Shiloh 2003) . The ATM-dependent DNA-damage response can block progression through the cell cycle before, during, and after DNA replication. The intra-Sphase checkpoint involves ATM-mediated phosphorylation of Nbs1, Smc1, and BRCA1 (Gatei et al. 2000; Lim et al. 2000; Wu et al. 2000; Zhao et al. 2000; Xu et al. 2001 Xu et al. , 2002b Kim et al. 2002; Yazdi et al. 2002) . ATM controls a second parallel intra-S-phase pathway that results in degradation of Cdc25A and reduced Cdk2 activity (Falck et al. 2001 (Falck et al. , 2002 . Radioresistant DNA synthesis (RDS), a second feature of A-T cells, occurs when any of these intra-S-phase checkpoint pathways is compromised.
Here, we describe a novel component of the ATM pathway, Rif1 (Rap1-interacting factor 1), the human ortholog of yeast Rif1. Rif1 was identified in Saccharomyces cerevisiae as one of two Rap1-binding partners required for the regulation of telomere length (Hardy et al. 1992) , and a similar function has been ascribed to Rif1 from Schizosaccharomyces pombe (Kanoh and Ishikawa 2001) . The maintenance of yeast telomeres is controlled by a negative feedback loop, in which the telomere length regulator Rap1 binds to the telomeric repeat tract (Marcand et al. 1997 ; for review, see Smogorzewska and de Lange 2004) . Telomere-bound Rap1 recruits Rif1 and Rif2, which both limit extension of the telomeric tract by telomerase (Hardy et al. 1992; Marcand et al. 1997; Wotton and Shore 1997) . Our data show that human Rif1 functions as a DNA-damage-response factor required for cell survival after radiation damage and proper execution of the intra-S-phase checkpoint. These findings underscore the close relationship between the DNA-damage response and telomere function and further highlight the substantial changes that have taken place during the evolution of the telomeric complex.
Results

Human Rif1 does not accumulate at functional telomeres
Human Rif1 was identified on the basis of sequence similarity to the RIF1 genes from S. pombe and S. cerevisiae (BLAST search; P = 9 × 10 −5
; Hardy et al. 1992; Kanoh and Ishikawa 2001; Rif1 GenBank accession no. AY585745). A mouse Rif1 ortholog was recently reported, but the function of murine Rif1 was not addressed (Adams and McLaren 2004) . Alignment of human, mouse, and fugu Rif1 ORFs revealed three conserved regions, CRI-III ( Fig. 1A; Supplementary Fig. 1A ). Comparison to S. cerevisiae Rif1 indicated that 20%-25% of the amino acids in CRI-III are conserved (Supplementary Fig. 1B) . The most notable feature of the mammalian Rif1 proteins is the predicted presence of eight HEAT-or ARMADILLO-type repeats in the N-terminal 340 amino acids (see Supplemental Material for details). HEAT/ARMADILLO repeats are helical folds that typically occur in long arrays, creating an extended curved protein or RNA interaction surface.
Antisera raised against Rif1 peptides and a GST-Rif1 fusion reacted with the same large (>250 kDa) polypeptide in immunoblots of human cell lines (Fig. 1A,B) . Rif1 siRNAs diminished the abundance of this protein (see below), confirming that this polypeptide is encoded by the Rif1 gene. Human Rif1 was detectable in different human cell lines and strains (e.g., IMR90, BJ, WI38, GM847, VA-13, HeLa, U-2OS, HCT15, HT1080) and Rif1 mRNA was present in a wide variety of tissues (data not shown), suggesting ubiquitous expression.
Indirect immunofluorescence (IF) with Rif1 antibodies revealed a diffuse nuclear localization in interphase cells (Fig. 1C) . Rif1 did not show significant colocalization with telomeric proteins, such as TRF1, TRF2, Rap1, and TIN2, suggesting that Rif1 does not accumulate on chromosome ends ( Fig. 1C ; data not shown). The same result was obtained with different methods for cell fixation (paraformaldehyde and methanol), and after extraction of soluble nucleoplasmic proteins with Triton-X 100 (data not shown). Furthermore, Rif1 was not recovered in immunoprecipitates of the telomeric proteins TRF1, TRF2, and Rap1 (data not shown), and chromatin immunoprecipitations with Rif1 antiserum did not bring down telomeric DNA (J. Donigian, R. Wang, D. Loayza, J. Silverman, and T. de Lange, unpubl.).
Telomeres protect natural chromosome ends from being recognized as sites of DNA damage. This function depends on the presence of the telomeric-binding protein TRF2 (for review, see de Lange 2002). Removal of TRF2 using a dominant negative allele results in telomere dysfunction (van Steensel et al. 1998; Karlseder et al. 1999) . The resulting uncapped telomeres are recognized as sites of DNA damage, leading to the accumulation of DNAdamage-response factors, such as Nbs1, 53BP1, ATM, Rad17, and ␥-H2AX at chromosome ends (d'Adda di Fagagna et al. 2003; Takai et al. 2003) . The foci formed at uncapped telomeres resemble DNA-damage-response foci and are referred to as telomere dysfunction-induced foci or TIFs. IF revealed that Rif1 colocalized with a subset of the telomeres in cells infected with a dominant negative allele of TRF2, suggesting that Rif1 can be a component of TIFs (Fig. 1D) .
Rif1 was also associated with unusual telomeric structures present in human cell lines that maintain telomeric DNA in absence of telomerase (alternative lengthening of telomeres, or ALT cells; for review, see Henson et al. 2002) . ALT cells can contain large foci of telomeric DNA that contain a number of protein factors not normally present at telomeres, including the PML protein, Rad52, and RPA (Yeager et al. 1999) . These structures are referred to as ALT-associated PML Bodies, or APBs. IF analysis showed that Rif1 was detectable in most of the APBs in the ALT cell line GM847 (Fig. 1E) .
Rif1 accumulates at DSBs
The association of Rif1 with dysfunctional telomeres and with the APBs of ALT cells suggested a role for Rif1 in the DNA-damage response. To test this, primary human fibroblasts were irradiated, and changes in the Rif1 pattern were determined by IF. After IR, all cells showed numerous discrete Rif1 foci that colocalized with 53BP1 ( Fig. 2A-C) . This response was uniform, rapid, persisted for many hours, and was dependent on radiation dose ( Fig. 2A,B) . At 8 h after irradiation, the number of Rif1 foci per cell had diminished (Fig. 2B ). Rif1 also formed foci after treatment with etoposide and prolonged incubation in the presence of hydroxyurea (Fig. 2D) , representing conditions that can lead to formation of DSBs. UV light also led to a Rif1 response (Fig. 2E ), but these foci only formed in a subset (∼20%-30%) of the cells, and their appearance was delayed by several hours. Aphidicolin-treated cells failed to form Rif1 foci after UV (Fig.  2F) , suggesting that the Rif1 response to UV light deCheckpoint function for human Rif1 pends on DNA replication that could convert the primary UV damage into DSBs. In contrast, the 53BP1 foci induced by UV treatment did not require S-phase progression (Fig. 2F) . Collectively, these findings suggest that Rif1 responds primarily to DSBs.
In addition to 53BP1, the IR-induced Rif1 foci colocalized with several other DNA-damage-response factors, including ␥-H2AX, Chk1 phosphorylated on S317, activated ATM (phosphorylated on S1981), Rad17 phosphorylated on S645, Mre11, and BRCA1 ( Supplementary  Fig. 2 ). As a control, TRF1 and other telomeric proteins did not localize to sites of DNA damage (data not shown; Zhu et al. 2000) . We conclude that Rif1 behaves similarly to previously described factors that accumulate at sites of DSBs.
Rif1 controlled by ATM not ATR
Treatment with caffeine or wortmannin, inhibitors of the PI3 kinase-related family of kinases (PIKKs), severely diminished Rif1 response to DNA damage ( Fig. 3A,B ; data not shown), suggesting that Rif1 is regulated by ATR and/or ATM. To test the dependence of Rif1 on the ATR kinase, we examined the response of Rif1 to UV in cells treated with siRNAs to ATRIP, an essential partner for ATR (Cortez et al. 2001) . Two ATRIP siRNAs resulted in nearly complete depletion of the ATRIP protein ( Fig. 3C ) and strongly reduced the phosphorylation of Chk1 and Rad17 in response to UV (Fig. 3D ). Despite the diminished ATR signaling, UV treatment continued to induce Rif1 foci (Fig. 3E) . Furthermore, the Rif1 response to UV was preserved in cells derived from a Seckel syndrome patient with a severely reduced ATR protein level due to a splicing defect (Fig. 3F; O'Driscoll et al. 2003) .
To test the dependence of Rif1 on ATM, fibroblasts from two unrelated A-T patients lacking the ATM kinase were treated with IR. No Rif1 foci were observed in these cells (Fig. 3G) , even though the cells expressed normal amounts of Rif1 protein (data not shown). Even prolonged (8 h) incubation after 5 Gy or treatment with 20 Gy failed to induce Rif1 foci (data not shown). In contrast, IR-treated A-T cells formed 53BP1 foci (Fig. 3G ), albeit at diminished levels as previously noted (Rappold et al. 2001) . A-T cells also failed to form Rif1 foci after UV treatment, whereas 53BP1 foci still were formed (Fig. 3G ). These data indicate that the ability of Rif1 to form foci after the induction of DSBs requires the function of ATM, but not ATR.
Dependence of Rif1 on 53BP1
Inhibition of 53BP1 completely abolished the Rif1 response to DNA damage. Reduction in 53BP1 expression was achieved with two different siRNAs as demonstrated by immunoblotting Fig. 4A ). Rif1 protein levels were not affected (Fig. 4A) . As expected, the induction of 53BP1 foci by IR was strongly reduced in cells treated with the 53BP1 siRNAs (Fig. 4B) . Cells without 53BP1 foci also lacked Rif1 foci, indicating a functional relationship between these factors. Normal Rif1 and 53BP1 foci occurred in the few cells that probably had not taken up the siRNAs providing an internal control in the experiments (Fig. 4B) . Thus, Rif1 appears to be regulated by two components of the ATM pathway, 53BP1 and ATM itself. As 53BP1 forms foci in A-T cells, but Rif1 does not (Fig. 3 ), it appears that Rif1 requires an ATM-regulated event in addition to normal levels of 53BP1 at sites of DNA damage. An alternative interpretation is that 53BP1 acts upstream of ATM and controls Rif1 in this way (Mochan et al. 2003) . In contrast to 53BP1, several other components of the ATM-signaling pathway did not have an effect on the Rif1 response to DSBs. The Rif1 response was unaffected in Chk2 −/− cells and cells lacking normal function of Mre11, Nbs1, and BRCA1 ( Fig. 4C; Supplementary Fig. 3 ). Figure 2C .
Increased radiosensitivity upon Rif1 inhibition
The consequences of diminished Rif1 function were assessed using several siRNAs to Rif1, which strongly reduced Rif1 protein levels (Fig. 5A ) and blocked the formation of Rif1 foci after IR (Fig. 5B) . Diminished Rif1 levels did not affect the autophosphorylation of ATM at Ser 1981 or the phosphorylation of Nbs1, Chk1, BRCA1, and p53 after irradiation ( Supplementary Fig. 4A ) or IR-induced focus formation by 53BP1 ( Supplementary  Fig. 4B ).
However, cells with diminished Rif1 levels displayed increased radiosensitivity, a phenotype also seen for deficiency in ATM or 53BP1 (Taylor et al. 1975; Ward et al. 2003) . Three tumor cell lines (HeLa, U-2OS, A549) showed a significant decrease in clonogenic survial upon treatment with Rif1 siRNAs compared with control cultures ( Fig. 5C,D; data not shown). For instance, after 6 Gy, HeLa cells treated with Rif1 siRNAs showed a 4.3-fold reduction in clonogenic survival (P < 0.0001; Student's t-test). This effect is comparable to the radiosensitivity due to knockdown of BRCA1 with siRNA (Ganesan et al. 2002) or inhibition of ATM and SMC1 function with mutated alleles , but modest compared with the radiosensitivity of A-T cells, which typically show 10-fold lower survival rates. The RNAi experiments may underestimate the importance of Rif1 for survival after DNA damage, as siRNA effects are incomplete and short-lived.
Hypersensitivity to IR can be due to a deficiency in the Fanconi anemia (FA) pathway (D'Andrea and Grompe 2003), a target of ATM signaling (Taniguchi et al. 2002) . To determine whether Rif1 contributes to the FA pathway, we determined whether Rif1 siRNA treatment resulted in hypersensitivity to the cross-linking agent MMC, a hallmark of FA cells, but not seen in A-T cells (Jaspers et al. 1982) . The results show that Rif1 siRNAs did not diminish the ability of cells to survive in the presence of MMC (Supplementary Fig. 5 ), arguing against a role for Rif1 in the FA pathway.
Rif1 functions in the intra-S-phase checkpoint
A second consequence of ATM or 53BP1 deficiency is a defect in the intra-S-phase checkpoint (for review, see Osborn et al. 2002) . Rif1 depletion led to a defect in the intra S-phase checkpoint as evidenced by RDS ( Fig. 5E ; Supplementary Table 1) . In HeLa cells, knockdown of Rif1 with two siRNAs led to a partial RDS phenotype when compared with cells treated with luciferase siRNA or mock-treated cells (p = 0.0014; Scheffe's test; Supplementary Table 1 ). However, the RDS defect after Rif1 knockdown was significantly less prominent than the phenotype of A-T cells (p = 0.0007; Scheffe's test; Fig. 5E ; Supplementary Table 1) , consistent with the view that there are multiple ATM-regulated intra-S-phase checkpoint pathways.
The Mre11/Rad50/Nbs1 complex defines one of the ATM-regulated intra-S-phase checkpoints (Gatei et al. 2000; Lim et al. 2000; Wu et al. 2000; Zhao et al. 2000; Xu et al. 2001 Xu et al. , 2002b Kim et al. 2002; Yazdi et al. 2002) . To determine whether Rif1 acts in this pathway, we tested the RDS phenotype of Rif1 inhibition in NBS1 mutant LB1 cells. These cells showed the expected effect of Nbs1 deficiency in terms of RDS ( Fig. 6F ; Supplementary Table 2 ) and retroviral expression of wild-type Nbs1 in these cells improved the intra-S-phase checkpoint (p = 0.0074; Scheffe's test; Fig. 5F ,G; Supplementary Table 2), as reported previously (Zhao et al. 2000) . Inhibition of Rif1 in LB1 cells resulted in an RDS phenotype (p = 0.0017; Scheffe's test; Supplementary Table 2), regardless of NBS1 status (Fig. 5F,G) . Furthermore, the effects of Rif1 and Nbs1 deficiency were additive. This result would suggest that Rif1 acts in an intra-S-phase checkpoint pathway that is separate from the Nbs1 pathway.
One known Nbs1-independent intra-S-phase checkpoint pathway involves Chk2 (Falck et al. 2001 (Falck et al. , 2002 . The phosphorylation state of Chk2 is in part under control of 53BP1 (Mochan et al. 2003) , which also regulates Rif1. We therefore examined the effect of Rif1 inhibition on the phosphorylation of Chk2 on T68 after IR. Rif1 siRNA treatment did not diminish this phosphorylation event ( Supplementary Fig. 4C ). Rif1 also did not affect Chk2 phosphorylation in cells lacking functional Nbs1. In this regard, Rif1 is notably different from 53BP1, which is necessary for Chk2 phosphorylation in absence of normal Nbs1 function (Mochan et al. 2003; Supplementary Fig. 4C ). In addition, we found that Rif1 siRNA treatment did not affect the degradation of Cdc25A after IR (data not shown). The simplest interpretation of these 
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data is that Rif1 is not required for Chk2 activation. Conversely, Chk2 is not required for Rif1 focus formation after IR (Fig. 4C) .
ATM and 53BP1 are also required for the rapid arrest of cells before mitosis after IR in G2 (Painter and Young 1980; DiTullio et al. 2002; Wang et al. 2002; Xu et al. 2002a) . We monitored the G2/M checkpoint by assessing the propensity of cells to enter mitosis (on the basis of the presence of phosphorylated histone H3) within 1 h after IR. HeLa and U-2OS cells treated with Rif1 siRNA arrested prior to mitosis to the same extend as control cells, (Supplementary Fig. 6A,B ; data not shown), indicating that the ATM-regulated G2/M checkpoint does not require full Rif1 function. Finally, the G1/S checkpoint appeared to be unaffected by Rif1 siRNAs, as both Chk2 phosphorylation and p53 activation occurred normally after IR ( Supplementary Figs. 4, 6C ).
Discussion
Human Rif1 is the ortholog of a fungal protein that associates with telomeres and regulates telomere length. We report that human Rif1 does not accumulate detectably at functional telomeres. Although a role for human Rif1 at telomeres is not excluded, our data show that the primary function of Rif1 is in the DNA-damage response. Rif1 localizes to DSBs in an ATM-and 53BP1-dependent manner and functions in the intra-S-phase checkpoint that serves to slow down DNA synthesis when DNA damage has occurred.
Rif1 as a new component of the ATM and 53BP1 pathway
Rif1 has a unique pattern of regulation, requiring functional 53BP1 and ATM for its accumulation at sites of DNA damage (Fig. 6A) . Rif1 is unusual in its absolute dependence on ATM signaling. Because of this dependency, Rif1 foci are a useful indicator of ATM activity, providing a cell-based assay for ATM that is not confounded by activation of ATR. For example, the ATMdependent UV response of Rif1 confirms earlier reports that UV treatment can activate both ATR and ATM (Jaspers et al. 1982; Oakley et al. 2001; Hannan et al. 2002; Heinloth et al. 2003) . The UV-induced Rif1 foci were not formed when S-phase progression was blocked, indicating that the ATM pathway can be activated indirectly by UV lesions after they are processed during DNA replication. The strict dependence of Rif1 on ATM is also informative in the context of the Rif1 foci formed at a subset of uncapped telomeres. The Rif1 response to uncapped telomeres implicates that telomere damage signaling is in part mediated by ATM, a conclusion consistent with previous data (Karlseder et al. 1999; d'Adda di Fagagna et al. 2003; Takai et al. 2003; Wong et al. 2003) .
Distinct functions for human and yeast Rif1: Intra-S-phase checkpoint and telomere length control
Inhibition human Rif1 recapitulates the two phenotypic hallmarks of ATM deficiency, radiosensitivity and RDS. The latter phenotype reflects inappropriate DNA synthesis after cells have been damaged with IR. The ability of Rif1 to modulate DNA synthesis after damage is independent of the Nbs1 component of the Mre11 complex, a previously identified mediator of the ATM intra-Sphase checkpoint. The budding yeast intra-S-phase checkpoint is largely similar to the human pathway, involving ATM/ATR orthologs and the Mre11 complex, as well as the yeast orthologs of Chk1 and Chk2. The conservation of this pathway raises the possibility that budding yeast Rif1 has a role in the yeast intra-S-phase checkpoint as well. It is less likely that Rif1 plays a role in the second S-phase checkpoint that responds to replication damage, as deficiencies in this pathway generally lead to gross chromosomal rearrangements, whereas strains lacking the RIF1 gene do not have this phenotype (Myung et al. 2001a,b) .
The only known function of budding yeast Rif1 is at telomeres where it controls the frequency of telomere elongation by telomerase (Teixeira et al. 2004 ). Short telomeres contain less Rif1, and therefore, have a higher probability to be in a state that is permissive for telomerase action, resulting in telomere length homeostasis. Telomere length control by Rif1 is part of a pathway 
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governed by the budding yeast ortholog of ATM (Craven and Petes 1999; Chan et al. 2001 ). This parallel with the control of mammalian Rif1 by ATM raises the possibility that telomere length regulation and the inhibition of DNA synthesis share important regulatory and/or mechanistic aspects.
Telomeres ensure that natural chromosome ends are not inappropriately processed by DNA-repair pathways and guarding against the activation of the ATM and ATR. Yet, telomeres contain numerous DNA repair factors and associate with components of the damage-signaling pathway. The emerging view is that telomeres deploy the DNA-damage-response machinery for the processing and maintenance of the telomeric complex, but do so in a highly controlled manner, such that the detrimental outcomes are avoided (see for instance, de Lange 2004). Examples are the nucleotide excision repair endonuclease ERCC1/XPF and nonhomologous endjoining factors Ku70/80 and DNA-PKcs, which contribute to the protection of human telomeres (Bailey et al. 1999; Zhu et al. 2003) . These same factors have been implicated in the generation of telomere fusions, and must therefore be controlled by the telomeric complex in its functional state (Smogorzewska et al. 2002; Zhu et al. 2003) . The role of Rif1 at yeast telomeres may be another example of this principle.
Evolutionary changes in the telomere complex
Budding yeast Rif1 is an interacting partner of Rap1, a DNA-binding protein that binds directly to yeast telomeres. Human Rap1 is distinct in that it does not bind DNA but associates with a telomeric protein, TRF2 (Li et al. 2000) . Similarly, fission yeast telomeres contain a TRF-like protein (Taz1; for review, see Ferreira et al. 2004 ) that recruits Rap1 to chromosome ends, and a TRF1/2 ortholog was recently identified in Trypnosoma brucei (B. Li and G. Cross, pers. comm.) These findings corroborate the view that budding yeast telomeres have undergone a considerable alteration, accompanied by the loss of the TRF1/2-like telomere-binding proteins and associated rearrangements in other telomeric proteins (Fig. 6B) .
The analysis of human Rif1 reveals further changes in the architecture of the telomeric protein complex (Fig. 6B) . Whereas budding yeast Rif1 is recruited to telomeres through its interaction with Rap1, human Rif1 does not bind to Rap1 and does not accumulate strongly at telomeres unless they are dysfunctional. Fission yeast Rif1 is present at functional telomeres due to an interaction with Taz1, but binds more prominently when Rap1 is absent (Kanoh and Ishikawa 2001) . As loss of Rap1 results in partial telomere dysfunction (M. Godinho, M.G. Fereira, and J. Cooper, pers. comm.) , the strong binding of Rif1 to uncapped telomeres suggests that fission Rif1 also acts in the DNA-damage response. Therefore, human and fission yeast Rif1 may be similar in function both at telomeres and in the DNA-damage response.
Materials and methods
Cell culture and DNA-damaging agents IMR90 human fibroblasts (ATCC, passage 20 or less), AG02496 and AG04405 A-T fibroblasts (Coriell Cell Repository), GM847 (ATCC), BJ/hTERT, ATLD-3 and ATLD-4 cells (Stewart et al. 1999 ; a gift from J.H.J. Petrini, Memorial Sloan-Kettering Cancer Center, New York, NY) were grown in DMEM/15% FBS. HeLa cells and NBS-1 LB1 cells (Kraakman-van der Zwet et al. 1999; a gift from M. Zdziencka, University of Leiden, Leiden, The Netherlands) infected with pLPC-Nbs1 or pLPC were grown in DMEM/10% BCS. U-2OS cells (ATCC) and HCT116 Chk2 −/− ; cells (a gift from P. Jallipalli, Memorial Sloan-Kettering Cancer Center, New York, NY; Jallepalli et al. 2003) were grown in McCoy's 5A/10% FBS. HCC1937 cells (ATCC) were grown in RPMI/10% FBS and 1 mM sodium pyruvate. All media were supplemented with 2 mM L-glutamine, 0.1 mM nonessential amino acids, 100 U of penicillin, and 0.1 µg of streptomycin/ mL. For IR treatment, cells were exposed to a Cs 137 source at a rate of 7.7 Gy/min in 6-cm dishes. For UV radiation, cells were washed with PBS and exposed to 25 J/m 2 UV (265 nm) in a Stratalinker (Stratagene) without lid.
Immunoblotting and IF
Immunoblotting and immunofluorescence analysis were performed as described previously (Li et al. 2000; Zhu et al. 2000; Mirzoeva and Petrini 2001; Takai et al. 2003) . Abs 1025 and 1060 were affinity purified from rabbit serum immunized with KLH-conjugated Rif1 peptides NSESDSSEAKEEGSRKKRSGK WKNK-Cys and EEGIIDANKTETNTEYSKSEEKLDN-Cys. Ab 1060 was also used without affinity purification and the same antigen was used to raise mouse serum to Rif1. Rabbit antibodies 1066 and 1067 were raised against GST fused to amino acids 906-1326 and used crude. Additional Abs used were as follows: 
RNAi
Rif1 siRNAs (Dharmacon): #1, AACAGCAAGAAAUAGCAC CUAdTdT; #2, AAUGAGACUUACGUGUUAAAAdTdT; #3, AAGAGAAACCAGGUUCUGAAGdTdT; #4, AAGAAUGAG CCCCUAGGGAAAdTdT; #5, AAGAGGAAAAGUCUACUG ACUdTdT; #6, AAGAGCAUCUCAGGGUUUGCUdTdT. 53BP1 siRNAs 1 and 2 ; ATRIP siRNAs 1 and 2 (Cortez et al. 2001); BRCA1 (Ganesan et al. 2002) ; GFP (Novina et al. 2002) ; lamin A/C and luciferase GL2 (Elbashir et al. 2001) ; and scramble I (Dharmacon, Scramble I duplex) were used. HeLa2, U-2OS, or NBS-1 LB1 cells were transfected using Oli-gofectamine (Invitrogen). Briefly, 1.0 × 10 5 of HeLa or 0.8 × 10 5 of U-2OS or NBS1-LB1 cells/well of a six-well plate were plated 18-24 h prior to transfection. Cells were transfected twice with a 24-h interval and processed 48 h later.
Clonogenic survival assay
Cells transfected with Rif1 and control siRNAs were harvested and counted in parallel 72 h after transfection. The cells diluted to the same cell density (5 × 10 4 cells/mL), irradiated, and subsequently plated in triplicate at a range of cell densities. After 10-14 d, plates were gently washed with PBS and stained with 50% MeOH/7% glacial acetic acid/43% H 2 O/0.1% Coomassie Brilliant Blue G for 10 min, rinsed with water, and air-dried. Colonies were counted for the various treatments on dilution plates yielding 50-200 colonies.
RDS assay
Inhibition of DNA synthesis after ionizing radiation was assessed on cells treated with siRNAs as previously described . Briefly, 4 h after the second siRNA transfection were placed into DMEM/10% FCS and 10 nCi of [methyl-14 C]-Thymidine (Amersham) per milliliter, and incubated for 24 (HeLa and NBS1-LB1) or 48 h (AG04405 and IMR90). Cells were brought into medium without label, incubated for 24 h, and irradiated with either 0 or 10 Gy from a 137 Cs source (dose rate: 3 Gy/min). After IR, cells were incubated for 30 min at 37°C and pulse-labeled with 2.5 mCi of [methyl-3 H]Thymidine (Amersham Biosciences) per milliliter for 20 min at 37°C, followed by rinsing (two times) with DMEM containing 2.5 mM unlabeled thymidine, and cells were collected by trypsinization. After transfer to GF/C filters (Whatman), cells were washed with 10% trichloroacetic acid. The filters were rinsed with 100% ethanol, air-dried, and assayed in a liquid scintillation counter. The resulting ratios of 3 H counts/min to 14 C counts/min ( 3 H/ 14 C ratio) were corrected for channel crossover. DNA synthesis ratio after exposure to ionizing radiation was calculated as 3 H/ 14 C ratio in irradiated cells/ 3 H/ 14 C ratio in unirradiated cells.
G2/M checkpoint assay
G2/M checkpoint assay was performed as described (Xu et al. 2002b) . Briefly, HeLa and U-2OS cells were transfected with control or Rif1 siRNA twice as described above. Cells were replated at a concentration of 4 × 10 5 cells/6-cm dish 24 h after the second transfection, and were cultured another 24 h. One hour after IR, cells were harvested, washed with PBS, fixed in 70% ethanol, resuspended in PBS containing 0.1% Triton-X and 0.5% BSA, and stained with anti-phospho-Histone H3 (Ser 10) antibody (Upstate) and propidium iodide for FACS analysis.
